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EXECUTIVE SUMMARY
In this project, an unmanned aerial vehicle (UAV) mobile station was proposed in order to
measure the change in magnetic field as a result of the movement of a smart rock. The UAV was
equipped with a 3-axis high resolution magnetometer and a global positioning system (GPS) unit.
They were synchronized to output the magnetic field intensity and its corresponding coordinate.
A series of tests were carried out in an open field to investigate potential effects of various factors
on the accuracy of smart rock positioning, including the UAV speed, motor current, GPS accuracy,
and the interference of nearby ferromagnetic substances on the magnetic field of two smart
rocks. Finite element analysis was conducted to investigate the ambient magnetic field around a
bridge site under the Earth’s magnetic field, taking into account the distribution of steel
reinforcing bars in bridge piers. The analysis results are in good agreement with experimental
results with an error margin of less than 3.75%. The UAV-based smart rock technology was
implemented at the Roubidoux Creek Bridge and tested for six times since January 24, 2018. The
overall smart rock positioning error, compared with ground truth (survey) data, was
approximately 0.3 m, which can be reduced as the GPS accuracy improved. The proposed UAVbased smart rock positioning method was compared favorably with the conventional cranebased positioning method. During the February 2019 flood event, the existing scour hole was
deepened by 0.4 m.
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1

DESCRIPTION OF THE PROBLEM

Bridges connect otherwise geographically isolated communities, thus often becoming a bottleneck in a
ground transportation network in terms of traffic bypass ability, and require significant capital investment.
Failure of these structures can significantly impact human welfare and economic development. One
failure mode of bridges is related to the removal of riverbed deposits around bridge piers and abutment
foundations - a process known as scour that leads to the loss of bridge stability. Based on the National
Bridge Failure Database complied by the New York State Department of Transportation (NYSDOT), 58% of
at least 1500 documented bridge failures between 1966 and 2005 are due to scour and hydraulic-induced
effects, which is beyond the second cause, bridge collision, by about 48% [1].
The scour hole generated will reduce the stiffness of foundation systems and potentially cause a
foundation failure without warning. Therefore, maximum scour depth is a critical parameter that
engineers can use in their foundation stability analysis to ensure the safety of bridges. The risk of bridge
scour is at the highest during a flood event. For example, the 1995 failure of the I-5 Bridge over Arroyo
Pasajero creek in the United States, the 2009 collapse of the Malahide Viaduct over Broadmeadow Estuary
in Ireland [2], and the 2009 collapse of the Shuang-Yuan Bridge over Kaoping Stream in Taiwan [3] were
all caused by scour during flood events.
Scour induced damage can be prevented by armoring the riverbed around bridge piers or by modifying
the river hydraulics to reduce peak flow, both of which require a significant amount of time and financial
resources for implementation. Scour monitoring, however, can be implemented quickly at a reduced cost
relative to other preventive measures. For this reason, Highway Engineering Circular (HEC) No.23
considers scour monitoring as a viable countermeasure for scour critical bridges [4].
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Appropriate instrumentation for scour monitoring should be selected based on site conditions,
operational limitations for specific instrumentation and engineering judgment, and the advantages and
disadvantages of different technologies [4,5]. Scour monitoring with fixed and portable instrumentations
has been considered one of the most effective measures in dealing with scour effect on bridges [4]. Fixed
instrumentation with sensors such as magnetic sliding collars, float-out devices, fiber optic sensors,
piezoelectric film sensors, and time domain reflectometry, installed prior to flood events [6] are unable
to detect scour other than in the area instrumented and are vulnerable to harsh environments during a
flood event. Portable instrumentation such as diving, sounding rods, radio-controlled boats, reflection
seismic profiles, sonar, and ground penetrating radar cannot be deployed during a severe flood event due
to safety considerations and/or water conditions. Therefore, the existing monitoring methods are difficult
to apply in order to assess the condition of bridge scour in real-time because the continuous change in
river and flow conditions required for the prediction of the maximum scour depth [7,8] is not made
available during a flood event. Real-time monitoring and assessment of bridge scour is critical not only to
maintaining ground transportation services but also ensuring transportation safety in the hours or days
during flood events [9].
In recent years, a new type of portable instrumentation was developed with a field agent (smart rock)
participated in the process of scour [10]. A sphere of concrete with one or two permanent magnets
embedded inside it is referred to as a smart rock when it fulfills two functions: automatically rolling down
to the bottom of a scour hole to be monitored, and being remotely positioned via magnetic field
measurements for the determination of maximum scour depth. The laboratory tests in hydraulic flume
with a scaled bridge pier in the Hydraulic Engineering Laboratory at the Turner-Fairbanks Highway
Research Center proved the concept of smart rocks in terms of the above two functions [11]. The smart
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rock can also be deployed at the toe of a riprap measure to evaluate the effectiveness of such a scour
countermeasure.
More recently, the movement characterization, the design guidelines, the field performance, and the
spatial display of smart rocks were investigated at three representative bridge sites [12]. Spherical smart
rocks were considered for easy rolling in field operation. Their design was based on the critical velocity of
water flow as specified in HEC No.18 [13]. To ensure minimum effect of steel reinforcement on bridge
piers and decks, a gravity-controlled Automatically-Pointing-Up System (APUS) as shown in Fig. 1-1 was
designed to ensure the South pole of the magnets always faced up. The smart rock deployed at the
Roubidoux Creek Bridge was located successfully and satisfactorily during three field tests in one year. Its
movement was displayed on a three-dimensional contour map created in ArcGIS, as shown in Fig. 1-2,
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based on the riverbed survey data collected with a sonar device and a total station [14].
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Fig. 1-1 Schematic view and prototype of an
APUS

Fig. 1-2 Smart rock movement during three field
tests

By mounting a vertically lifting crane installed with a magnetometer and its supporting measurement
frame on a horizontally movable truck on a bridge deck, the change in magnetic fields around a smart rock
could be measured and thus determine the location of the smart rock (SR) for bridge scour monitoring.
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The bridge site was successfully validated using this method [15]. However, it is time- and laborconsuming when collecting data; furthermore, traffic has to be controlled or closed while operating a
frame crane. Moreover, it is too dangerous to conduct the test on the bridge in a flood event.
This report proposes using an unmanned aerial vehicle (UAV)-based smart rock positioning method for
determination of the maximum scour depth around a bridge pier or foundation. The localization algorithm
for smart rocks will be demonstrated. Various impact factors on the accuracy of magnetic field
measurement and smart rock positioning will be investigated and characterized. Six field tests at a bridge
site using UAV-based smart rock technology will be conducted in order to validate the effectiveness of the
method.
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2

LOCALIZATION OF ONE SMART ROCK

Consider a smart rock with an embedded magnet located at point P in a global Cartesian coordinate
system XYZ, as shown in Fig. 2-1. The magnetic flux density (Tesla) at an arbitrary point Q is influenced by
a combined effect of the ambient magnetic field (AMF), BA, and the magnet-induced magnetic field, BM,
as illustrated in Fig. 2-1.

Fig. 2-1 Magnetic field at an arbitrary point

Ambient magnetic field
In an open field with a flat and uniform terrain, BA is equal to the Earth’s magnetic field, BE. Both the
magnitude and direction of BE can be theoretically determined based on the latitude and longitude of the
site used, which varies with time and location. The direction of the Earth’s magnetic field depends on
whether the investigated site is located in the northern or southern hemisphere. Since the project (bridge)
site in this study is located in North America, the Earth’s magnetic field points geographically northwest
and faces to the Earth’s ground surface with a dip angle of θ and a slight magnetic declination at the
field site (See Fig. 2-2). Therefore, in the global coordinate system XYZ, the equation (2.1) can be obtained:
BA= BE =BEXi+ BEYj+ BEZk= (BE cosθcos, -BE cosθsin, -BE sinθ)T

(2.1)
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where BE is the magnitude of the Earth’s magnetic field, and BEX, BEY, and BEZ refer to its three
components in the direction of X, Y, and Z, respectively. The reference value of the parameters, BE, θ,
andcan be obtained from the website [16].

Fig. 2-2 Magnetic field induced by the Earth

Due to the presence of ferromagnetic objects in the superstructure of a bridge, such as reinforcement
steel bars in abutments or piers and steel girders, the ambient magnetic field is usually non-uniform. As
shown in Fig. 2-3, BAX, BAY, and BAZ at point Q are the three components of the ambient magnetic field
BA in the X, Y, and Z directions, which can be measured by a three-axis magnetometer prior to the
deployment of any smart rock. In this case, the ambient magnetic field can be expressed into:
BA= BAXi+ BAYj+ BAZk

(2.2)

Fig. 2-3 Ambient magnetic field at an arbitrary point
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Magnet-induced magnetic field
For convenience, a local Cartesian coordinate system xyz is introduced to define the orientation of a
magnet. As shown in Fig. 2-4, the local Cartesian system is referenced in the global coordinate system
related to the test site. The origin of the local coordinate system is set to the center of the magnet.
Therefore, the point P (XM, YM, ZM) in the global coordinate system is the same point p (0, 0, 0) in the
local coordinate system. The arbitrary point Q (Xi, Yi, Zi) in the global coordinate system corresponds to
q (xi, yi, zi) in the local coordinate system.

Fig. 2-4 Magnet-induced magnetic flux density in local and global coordinate systems

In the local coordinate system, the magnetic flux density at point q can be expressed in vector form as:
Bm= Bmxi+ Bmyj+ Bmzk

(2.3)

in which Bmx, Bmy, and Bmz are the three components of the magnet-induced magnetic field in x, y and z
directions, respectively. They can be expressed into equation (2.4) [17] when the distance ri exceeds 2 m
as demonstrated in Fig. 3-13:
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3 xi z i
 Bmx  k 5
ri

3 yi z i

 Bmy  k 5
ri


2 zi2  xi2  yi2
 Bmz  k
ri5


(2.4)

where k is the flux coefficient related to the magnetic property of the magnet, and ri =

xi2  y i2  z i2

is

the distance between point q and point p in the local coordinate system. The transition matrix between
the local and global coordinate systems can be written as follows:
cos  sin 
 sin 
 cos  cos 

R   sin  sin  cos   cos  sin  sin  sin  sin   cos  cos  sin  cos  


cos  sin  cos   sin  sin  cos  sin  sin   sin  cos  cos  cos  

(2.5)

where , ,  are the dip angles of the local x-, y-, and z-axes in the global coordinate system. For the
gravity-controlled smart rock used in this study, , π, and π. The transition matrix is thus
1
R= 0
0

0
0
−1 0 . It can be used to transform the local coordinate system to the global coordinate system
0 −1

by:

 xi 
 Xi  XM   Xi  X M 
 

 

 y i   R  Yi  YM    YM  Yi 
z 
 Z Z   Z Z 
M 
i 
 i
 i
 M

(2.6)

The three components of the magnet-induced magnetic field BM in the X-, Y-, and Z-axes of the global
coordinate system, BMX, BMY, and BMZ, can be determined by
BM=R-1 Bm

(2.7)

Substituting Equations (2.6) into Equation (2.7) yields
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(2.8)

The magnitude of the total magnetic field (TMF), represented by BT = (BTX, BTY, BTZ) = BA+BM, can then be
determined by

BT 

B AX

 B MX

2  B AY

 B MY

2  B AZ

 B MZ

2

(2.9)

where BTX, BTY, and BTZ are the three components of the total magnetic field in X, Y and Z directions in
the global coordinate system. Given the parameters k, θ, , and the ambient magnetic field intensity BA
at the project site, the TMF at any point Q (Xi, Yi, Zi) is a function of (XM, YM, ZM) only.
Localization algorithm
To determine the three location coordinates of a magnet, measurements must be taken at a minimum of
three different points in practical applications. As a high-order nonlinear function of three location
coordinates (XM, YM, ZM) of the magnet, Equation (8) can be solved iteratively using the sequential
quadratic programming (SQP) algorithm [18]. Consider n sets of total magnetic intensity measurements
BTiM (i = 1, 2, …, n; n>3) obtained using the 3-axis magnetometer and their corresponding GPS coordinates
at n different points. The predicted BTi at each point can be obtained by substituting its coordinate (Xi, Yi,
Zi) into Equation (2.9). By minimizing the error between the BTi and BTiM computed by Equation (2.10),
the location of the smart rock can be determined using the SQP method.

J ( X M , YM , Z M ) 

n

 (B
i 1

M
Ti

 BTi ) 2

(2.10)
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The SQP algorithm can be implemented in MATLAB using the Fmincon function for the overall non-linearly
constrained optimization problem. It has proven to be among the most effective algorithms currently
available.
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3

IMPACT FACTORS ON ACCURATE SMART ROCK POSITIONING
Composition of the UAV

The UAV used in this study was made of non-ferrous materials such as aluminum and carbon fiber, which
not only reduced its weight but also eliminated its interference with magnetic measurements. It was
powered by two batteries that are sufficient to complete field tests within 20 minutes. It was controlled
by eight motors for flight stability and can reach a maximum speed of 20 m/s with a payload of 10 kg.
The sensor used to measure the AMF and TMF was a three-axis magnetometer (Model DM050, Germany)
with a resolution of 0.002 nT and a maximum sample rate of 10 kHz. The magnetometer was fixed to the
UAV using two truss members as shown in Fig. 3-1. The sensor was wired and plugged into a WIFI router.
A laptop computer (Dell Latitude 5424) located at a ground measurement station was connected to the
WIFI signal and thus the sensor to collect data. The laptop was used to sync the GPS data to the
magnetometer readings. The UAV was equipped with multiple compasses in order to ensure its heading
within 0.2° and thus reduce the monitoring error associated with the UAV’s body rotation during flight. If
the compasses are in disagreement, the errors will be displayed on the UAV ground station software and
a recalibration is required when the UAV stands still.
A GPS was also installed on the UAV to measure its location at any time. A “HERE+GPS” module used one
GPS unit at a known ground reference location and another GPS unit on the UAV. The ground unit gave a
GPS drift error for its location and relayed that drift to the unit on the UAV for correction, resulting in a
final position accurate to the centimeter. The ground reference point can be obtained either by measuring
the time-varying drift in a specific location before flight or using the established U.S. Geological Survey
(USGS) marker at a bridge site. The position can be reused during future deployments if the ground unit’s
location is unchanged.
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Fig. 3-1 A magnetometer and a GPS unit installed on the UAV

Performance test for accurate magnetic field measurement
Magnetic field induced by the motor
Although the UAV used in this study is mainly made of non-ferrous materials, the electric current that
drives the motors produces an unwanted magnetic field. To investigate that effect, a magnetic field test
was carried out as shown in the insert of Fig. 3-2. The magnetic fields produced at two representative
currents, 5 A and 9 A, were measured by a magnetometer stationed at a distance from 0.2 m to 1.0 m
along the z axis. It can be seen from Figure 8 that the effect of the motor on its surrounding magnetic field
increases slightly with the applied current but decreases rapidly with distance. The motors’ effect can thus
be neglected up to 9 A at a standoff distance of at least 0.75 m. In this study, the magnetometer was set
0.92 m away from the UAV’s motors to eliminate their potential influence on the nearby magnetic field.
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Fig. 3-2 Change in magnetic field intensity with measurement distance under two applied currents

GPS accuracy test
To quantify GPS accuracy, both static and dynamic tests were conducted at Ber Juan Park in the City of
Rolla. For the static tests, the UAV was positioned on a vertically-adjustable table between heights of 0.5
m and 2.0 m. The vertical and horizontal distances were controlled and adjusted precisely using a total
station (survey tool) located about 10 m away from the origin of the UAV as illustrated in Fig. 3-3. A total
of fifteen points with 0.5 m spacing were selected, six of which were considered as the starting reference
points. The distances between the reference points and the positions that the UAV was located at were
monitored by the GPS and compared with the ground truth data obtained from the total station. In order
to obtain a stable measurement data, the GPS continues recordings at each specific location for up to five
minutes. Fig. 3-4 and Fig. 3-5 present the GPS unit’s horizontal and vertical positioning errors. With the
increase of test distance from the left or bottom reference point, the horizontal positioning error
decreases but the vertical positioning error fluctuates. The mean horizontal and vertical positioning
errors, also presented in Fig. 3-4 and Fig. 3-5, reach their maximum values of approximately 5.7% and
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10%, respectively. The mean horizontal positioning is approximately twice as accurate as the mean vertical
positioning because the two GPS receivers placed near the surface of the Earth collect data from satellites
in the sky only and no measurements from the underground to constrain the position solution in the
vertical direction. The vertical positioning accuracy remains an inherent weakness with any satellite-based
positioning method.

Fig. 3-3 Schematic setup of accuracy tests (static) for GPS
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Fig. 3-4 Horizontal measurement error
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Fig. 3-5 Vertical measurement error
After the static tests, dynamic tests were carried out as the UAV flew over a fixed distance at a constant
speed. Fig. 3-6Error! Reference source not found. shows the test setup, with an acceleration distance of
10 m and a constant-speed distance of 20 m. During each flight, the UAV lifted to an altitude of 5 m and
then accelerated in the first 10 m until it reached a target speed of 1 to 4 m/s. Once at the targeted speed,
the time that the UAV took to fly over a 20-m distance was recorded through the GPS. With the UAV’s
speed known, the distance measured by the GPS was calculated and compared against the 20-m reference
horizontal distance. The horizontal measurement error was found to increase almost linearly with speed
as presented in Fig. 3-7. To ensure less than 5% in measurement error, it is recommended that the UAV
speed be limited to 2 m/s in future field tests.

Fig. 3-6 Schematic setup of accuracy tests (dynamic) for GPS
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Fig. 3-7 Monitoring error vs. speed of UAV

Effect of ferromagnetic substances on the magnetic field of two rocks
To investigate the potential interference of nearby ferromagnetic substances with the magnetic field
measurement of two rocks, a series of open field tests were conducted in Berjuan Park, Rolla, MO. A total
of 52 measure points were considered due to symmetry of the magnetic field about y axis, as shown in
Fig. 3-8. All the measure points were marked on the ground. The tests were based on the assumption of
that the measurement of the Earth magnetic field was unchanged in a small test area over a short period
of time. The test procedures are summarized as follows:
1. Deploy Magnet 1 (two stacked N42) at Point (0, 0, 0) with S direction pointing to positive y axis,
and measure the magnetic field at Point (D, H, 0), where D ranges from 0 m to 6 m with an interval
of 0.5 m and H ranges from 2 m to 5 m with an interval of 1 m.
2. Deploy Magnet 2 (two stacked N42) at Point (3, 0, 0) with S direction pointing to positive y axis,
and measure the magnetic field at point (3, H, 0), where H ranges from 2 m to 5 m with an interval
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of 1 m.
3. Deploy Magnet 2 (two stacked N42) at Point (2, 0, 0), (3, 0, 0) and (4, 0, 0), respectively, with S
direction pointing to positive y axis, and measure the corresponding magnetic field at Point (D, 2,
0) where D ranges from 2 m to 4 m with an interval of 1 m.
4. Remove Magnet 2 and measure the magnetic intensity of position (D/2, 0, 0) with the presence
of Magnet 1. After that, deploy Magnet 2 at the position of (D, 0, 0) and measure the intensity of
the middle position (D/2, 0, 0) between two magnets again.

x

Measure point

Magnet 2

12@0.5m=6m

H

y

Magnet 1

D

1m

1m

1m

2m



Fig. 3-8 Schematic of measure points

Fig. 3-9 Measurement points during the open field test
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The coordinate and measurement points during the field test are shown in Fig. 3-9 as planned. Fig. 3-10
shows the magnetic intensity of the magnet placed at (0, 0, 0) as illustrated in Fig. 3-8. For each of the
four cases examined, it can be observed that the maximum intensity occurs at the position right above
the magnet or point (0, H, 0). The maximum intensity of all the four cases is approximately 25,000 nT,
which is obtained at H = 2 m. Furthermore, a higher value of distance (D) results in a substantial reduction

Total intensity by one magnet (nT)

on the magnetic intensity.
30000
H=2 m
H=3 m
H=4 m
H=5 m

25000
20000
15000
10000
5000
0

M1

0

1

2

3
4
5
Distance (m)

6

7

Fig. 3-10 Magnetic intensity of one magnet

Fig. 3-11 shows the effect of two magnets on the magnetic intensity at varying H distance. One magnet
M1 is in the position (0, 0, 0) and the other M2 in (3, 0, 0) as shown in Fig. 3-8. The distance H varies from
2 m to 5 m. The magnetic intensity is symmetric about the line x=1.5 m due to the same property of the
two magnets. Therefore, half of the entire measurement area was tested with the test results depicted in
Fig. 3-11. One can readily find the maximum magnetic field at the position right above M2. Like a single
magnet, the maximum value, approximately 27,000 nT, occurs at H=2 m.
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Fig. 3-12 shows the effect of two magnets on the magnetic intensity at varying D. One magnet M1 is in
the position (0, 0, 0) and the other M2 in (D, 0, 0) as shown in Fig. 3-8. The distance D varies from 2 m to

Total intensity by two magnets (nT)

4 m. It can be seen that the maximum intensity decreases with the distance D.
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Fig. 3-11 Magnetic intensity of two magnets at different H distance
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Fig. 3-12 Magnetic intensity of two magnets at different D distances

Finally, the test was performed to verify the effect of M2 on the magnetic field line of M1. The magnetic
intensity of position (D/2, 0, 0) was first measured only with the presence of M1. After that, M2 was
25 | FINAL REPORT #INSPIRE-002

deployed at the position (D, 0, 0) and the intensity of the middle position (D/2, 0, 0) between two magnets
was measured again. The test results are presented in Fig. 3-13. It can be observed that the total magnetic
field intensity induced by two magnets is equal to almost twice as much as the intensity induced by M1
only. This comparison indicates that the magnetic field line of one magnet is not distorted by the presence
of another magnet when placed at D > 2 m. Under this circumstance, equation (2.4) is valid.
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Fig. 3-13 Comparison of the magnetic intensities of one magnet and two magnets
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4

FIELD VALIDATION TESTS

The I-44W Roubidoux Creek Bridge (No. L0039) in Waynesville, MO, was used as the test site to validate
the proposed UAV-based smart rock positioning method. The bridge is a ten-span, steel-girder structure
supporting two lanes of westbound traffic on Interstate 44. As shown in Fig. 4-1, Pier 7 is located in the
main channel of the river. The downstream side of Pier 7 is scour critical. A series of field tests were
performed in different seasons to validate the localization algorithm and understand the accumulated
movement of a smart rock between two floods or during normal water flow.

Fig. 4-1 The I-44W Roubidoux Creek Bridge

Test setup
Each test started with setting up the total station. Fig. 4-2 shows the horizontal localization reference
point for the total station, which is a rebar embedded in the soil close to the river bank in proximity of
Pier 8. The reference point is carefully chosen according to the maximum possible height of the water
flow to prevent its submersion under water during the flood event. Once the horizontal position is aligned,
the height of the total station is adjusted according to the angle of elevation of the total station using the
reference point on Pier 8 as shown in Fig. 4-3.
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Fig. 4-2 Embedded rebar for horizontal localization of
total station

Fig. 4-3 Reference point for vertical
localization total station

The smart rock (SR) deployed near Pier 7 of the Roubidoux Creek Bridge had a flux coefficient of k = 86,521
nT·m3. It was designed to automatically roll into the bottom of a scour hole when formed at an unknown
location and depth as deposits are washed away by the water current. The magnetic field and
corresponding coordinate data were collected simultaneously by the 3-axis magnetometer and GPS unit
installed on the flying UAV before and after the SR was deployed. The data was transmitted wirelessly to
the monitoring station. The UAV uses landmarks along the river bank to guide itself above the water, as
shown in Fig. 4-4. This setup allowed for a rapid collection of a dense array of field intensity data at a
bridge site, which improved the accuracy of SR localization and movement prediction. As shown in Fig.
4-5, the position of the SR was determined by the total station, which was used as the ground truth in
order to evaluate the accuracy of the proposed method.
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Fig. 4-4 Test setup for smart rock positioning
through the UAV

Fig. 4-5 Smart rock position survey by the total
station

During each visit, two field tests were performed at the bridge site to obtain the TMF and AMF: (1) with
the SR in place and (2) after the SR was temporarily taken out. For each test, the UAV flew at an altitude
of approximately 1 m to 6 m above the water. At each elevation, at least one and up to three paths were
adopted and uniformly spaced at an interval of 1 m for multiple paths. Each path included two to four
round trips with a flight speed of less than 2 m/s. The ground reference point marked by the USGS close
to Pier 8 was employed to enhance the accuracy of the GPS. At the end of each visit, the SR was placed
back around Pier 7 for use during the next visit.
TMF measurement
Test on 2018-01-24
Fig. 4-6 shows the flight path taken on 01/24/2018. Only one path was adopted as an initial test using the
UAV instead of the crane-based monitoring method originally used for the localization of the smart rock.
The height of the flight was approximately 1 m above the river, and the horizontal projection distance
between the flight path and the edge of the bridge approximated 0.5 m.
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Fig. 4-6 UAV flight paths on 01/24/2018: (a) elevation view and (b) top view (unit: m)

Fig. 4-7 presents an example set of the UAV position data obtained through the onboard GPS on
01/24/2018. It includes three position components along the X-, Y-, and Z-axes in the global coordinate
system. Note that the UAV first hovered and began to fly over the river around the 60-s timestamp and
then began providing useful data at approximately 75 s, as indicated in Fig. 4-7. It can be found that the
farthest position of the UAV in the Y-direction is at approximately 22 m away from the origin of the
coordinate system. The Y-direction position data clearly indicates a total of four round trips. The UAV’s
position in the X-direction varies slightly since the UAV’s flight trace visually deviated from the Y-axis
during manual operation. The monitored value in the Z-direction fluctuates due to the combined effects
of wind, GPS error, and manual operation.
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Fig. 4-7 Three components of the UAV’s position monitored by the GPS over time on 01/24/2018

The corresponding time history of the UAV rotation along the X-, Y-, and Z-axes is shown in Fig. 4-8. The
pitch about the X-axis ranges from -0.06° to 0.18° with its maximum value occurring at both ends of the
flight trace where the UAV decelerates and accelerates. The roll about the Y-axis ranges from -0.08° to
0.08°, which is likely due to the adjustment of the UAV’s direction. The yaw about the Z-axis ranges from
-2.3° to 0.4°, which is mainly attributed to the strong crosswind.

Fig. 4-8 Three-axis rotation of UAV vs. time on 01/24/2018
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The TMF intensity and its three-component time histories monitored on 01/24/2018 by the
magnetometer are presented in Fig. 4-9. Since the flight path is close to the river and pier and also close
to the smart rock, the variation of magnetic intensity in three directions is significant. It can be seen from
Fig. 4-9 that both BTZM and BTM are nearly constant at all times except at nine locations between 50 and
120 s at about 8-s intervals. Since the magnetic field of the Earth is opposite to the Z direction of the smart
rock, the decrease of BTZM is caused by the UAV’s approach to the smart rock. The increase of BTZM is
attributed to the magnetic field of the steel bars in the pier induced by the Earth.

Fig. 4-9 Magnetic field intensity monitored by the magnetometer over time on 01/24/2018

Test on 2018-05-10
Fig. 4-10 shows the flight paths taken on 05/10/2018. The UAV flew above water along three paths,
denoted by P1, P2, and P3, at an altitude of approximately 1 m to 5 m with an interval of 2 m. The
horizontal projection distance between the flight paths and the edge of the bridge increased from 0.5 m
to 3 m in order to reduce the influence of the magnetic field induced by the pier.
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Fig. 4-11 presents an example set of the UAV position data obtained through the onboard GPS on
05/10/2018, including three position components along the X-, Y-, and Z-axes in the global coordinate
system. The useful data begins around 45 s, as indicated in Fig. 4-11. The farthest position of the UAV in
the Y-direction is at approximately 19 m away from the origin of the coordinate system. The Y-direction
position data clearly indicates a total of 9 round trips at 3 trips per path for 3 flight paths. The UAV’s
position in the X-direction varies periodically as the UAV’s flight trace visually deviated from the Y-axis
during manual operation. As previously mentioned, the monitored value in the Z-direction fluctuates due
to the combined effects of wind, GPS error, and manual operation.
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Fig. 4-11 Three components of the UAV’s position monitored by the GPS over time on 05/10/2018

As shown in Fig. 4-12, the corresponding time history of the UAV’s rotation along the X-, Y-, and Z-axes is
presented. The pitch about the X-axis ranges from -0.12° to 0.27° with its maximum value occurring at
both ends of the flight trace where the UAV decelerates and accelerates. The roll about the Y-axis ranges
from -0.08° to 0.23°, which is likely due to the adjustment of the UAV’s direction. The yaw about the Zaxis ranges from -3° to 0°, which is mainly attributed to the strong side wind.

Fig. 4-12 Three-axis rotation of UAV vs. time on 05/10/2018
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The TMF intensity and its three-component time histories monitored on 5/10/2018 by the magnetometer
are presented in Fig. 4-13. As the X- and Y-components, BTXM and BTYM, are substantially less in
magnitude than the Z-component BTZM, the TMF intensity closely resembles the Z-component in
magnitude. It can be seen that both BTZM and BTM are nearly constant at all times except at nine locations
between 50 s and 370 s. Both BTZM and BTM varied significantly when the UAV flew close to and over the
smart rock. With an increase in flight height, both the absolute value of BTZM and BTM decreased due to
the increase of distance between the UAV and the smart rock.

Fig. 4-13 Magnetic field intensity monitored by the magnetometer over time on 05/10/2018

Test on 2018-10-08
The UAV flew at an altitude of approximately 1 m and 3 m above water along the six paths denoted by P1,
P2, P3, P4, P5, and P6, as shown in Fig. 4-14. At each elevation, three paths (P1-P3 or P4-P6) were spaced
uniformly at an interval of 1 m.
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Fig. 4-14 UAV flight paths on 10/08/2018: (a) elevation view and (b) top view (unit: m)

Fig. 4-15 presents an example set of the UAV position data obtained through the onboard GPS on
10/08/2018. It includes three position components along the X-, Y-, and Z-axes in the global coordinate
system. Note that the UAV began to fly at about 12 s and provided useful data around 28 s, as indicated
in Fig. 4-15. It can be found that the farthest position of the UAV in the Y-direction is at approximately 25
m away from the origin of the coordinate system. The Y-direction position data clearly indicates a total of
18 round trips at 3 trips per path for 6 flight paths. The UAV’s position in the X-direction varies periodically
since the UAV’s flight trace visually deviated from the Y-axis during manual operation. The monitored
value in the Z-direction fluctuates due to the combined effect of wind, GPS error, and manual operation.
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Fig. 4-15 Three components of the UAV’s position monitored by the GPS over time on 10/08/2018

The corresponding time history of the UAV rotation along the X-, Y-, and Z-axes is shown in Fig. 4-16. The
pitch about the X-axis ranges from -0.16° to 0.22° with its maximum value occurring at both ends of the
flight trace where the UAV decelerates and accelerates. The roll about the Y-axis ranges from -0.02° to
0.06°, which is likely due to the adjustment of UAV’s direction. The yaw about the Z-axis ranges from 0.14°
to 0.36°, which is mainly attributed to the variation of the flight path.
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Fig. 4-16 Three-axis rotation of UAV vs. time on 10/08/2018

The TMF intensity and its three-component time histories monitored on 10/08/2018 by the
magnetometer are presented in Fig. 4-17. Since the X- and Y-components, BTXM and BTYM, are
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substantially less in magnitude than the Z-component BTZM, the TMF intensity closely resembles the Zcomponent in magnitude. It can be seen from Fig. 4-17 that both BTZM and BTM are nearly constant at all
times except at 18 locations between 35 s and 310 s at about 16-s intervals. At these 18 locations, the
variation in both BTZM and BTM reduces significantly as the UAV flew further away from the bridge pier
due to the reduction of the magnetic intensity produced by steel components of the bridge and SR. It is
less affected by differences in flight altitude. The variations in BTXM and BTYM are not obvious compared
to BTZM due to their smaller magnitudes caused by the Earth’s magnetic field and SR.
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Fig. 4-17 Magnetic field intensity monitored by the magnetometer over time on 10/08/2018

Test on 2019-02-25
Fig. 4-18 shows the flight paths taken on 02/25/2019. A total of six paths were adopted for the localization
of the smart rock. The UAV flew at an altitude of approximately 3 m and 6 m above water along the six
paths denoted by P1, P2, P3, P4, P5, and P6 as shown in Fig. 4-18Fig. 4-14. At each elevation, three paths
(P1-P3 or P4-P6) were spaced uniformly with an interval of 1 m. The horizontal projection distance
between the flight paths and the edge of the bridge is about 3 m.

38 | FINAL REPORT #INSPIRE-002

Unit: m
Rolla

Springfield
24.750

30.480

P4~6
P1~3

Pier 7

UAV flight path

SR

Pier 6

3.0 3.0

Pier 8

(b)

Total
station

Y

P1,4
P2,5
P3,6

SR

X
UAV flight path

1.0 1.0

(a)

Y

3.0

Z
Total
station

Fig. 4-18 UAV flight paths on 02/25/2019: (a) elevation view and (b) top view (unit: m)

Fig. 4-19 presents an example set of the UAV position data obtained through its onboard GPS on
02/25/2019, including three position components along the X-, Y-, and Z-axes in the global coordinate
system. The useful data begins around 180 s as indicated in Fig. 4-19. The farthest position of the UAV in
the Y-direction is at approximately 28 m away from the origin of the coordinate system. The Y-direction
position data indicate a total of 11 round trips at 2 trips per path for the first 5 flight paths and 1 round
trip for the last path. The UAV’s position in the X-direction varies periodically as the UAV’s flight trace
visually deviated from the Y-axis during manual operation. The monitored value in the Z-direction
fluctuates due to the previously mentioned combined effects of wind, GPS error, and manual operation.
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Fig. 4-19 Three components of the UAV’s position monitored by the GPS over time on 02/25/2019

The corresponding time history of the UAV rotation along the X-, Y-, and Z-axis is presented in Fig. 4-20.
The pitch about X-axis ranges from -0.12° to 0.17° with its maximum value occurred at both ends of the
flight trace when the UAV decelerates and accelerates. The roll about Y-axis ranges from -0.18° to 0.09°,
which is likely due to the adjustment of UAV’s direction. The yaw about Z-axis ranges from 0° to 0.4°,
which is mainly attributed to the variation of the flight path.

Fig. 4-20 Three-axis rotation of UAV vs. time on 02/25/2019
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The TMF intensity and its three-component time histories monitored on 02/25/2019 by the
magnetometer are presented in Fig. 4-21. As the increase of the water flow due to the flood event, the
variation of BTZM is not as significant as observed from the previous test. The X- and Y-components, BTXM
and BTYM, vary normally resulting from the magnetic field from the Earth and bridge pier. It can be seen
that both BTZM and BTM are nearly constant at all times except several locations between 80 s and 600 s.

Fig. 4-21 Magnetic field intensity monitored by the magnetometer over time on 02/25/2019

Test on 2019-05-17
The UAV flew at an altitude of approximately 1 m and 3 m above water along the six paths denoted by P1,
P2, P3, P4, P5, and P6 as shown in Fig. 4-22. At each elevation, three paths (P1-P3 or P4-P6) were spaced
uniformly with an interval of 1 m. Correspondingly, the horizontal projection distance between the flight
paths and the edge of the bridge increased from 2 m to 4 m.
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Fig. 4-22 UAV flight paths on 05/17/2019: (a) elevation view and (b) top view (unit: m)

Fig. 4-23 presents an example set of the UAV position data obtained through the onboard GPS on
05/17/2019, including three position components along X-, Y-, and Z-axes in the global coordinate
system. The useful data begins around 50 s as indicated in Fig. 4-23. The farthest position of the UAV in
the Y-direction is at approximately 30 m away from the origin of the coordinate system. The Y-direction
position data indicate a total of 11 round trips at 2 trips per path for the first 5 flight paths, and 1 round
trips for the last path. The UAV’s position in the X-direction varies periodically as the UAV’s flight trace
visually deviates from the Y-axis during manual operation. The monitored position in the Z-direction
fluctuates due to the combined effect of wind, GPS error, and manual operation as mentioned previously.
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Fig. 4-23 Three components of the UAV’s position monitored by the GPS over time on 05/17/2019

The corresponding time history of the UAV’ rotation along the X-, Y-, and Z-axes is presented in Fig. 4-24.
The pitch about the X-axis ranges from -0.40° to 0.48° with its maximum value occurring at both ends of
the flight trace where the UAV decelerates and accelerates. The roll about the Y-axis ranges from -0.18°
to 0.15°, which is likely due to the adjustment of the UAV’s direction. The yaw about the Z-axis ranges
from -3.6° to 2°, which is mainly attributed to the strong side wind and manual operation.

Fig. 4-24 Three-axis rotation of UAV vs. time on 05/17/2019
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The TMF intensity and its three-component time histories monitored on 05/17/2019 by the
magnetometer are presented in Fig. 4-25. As the increase of the water flow due to rain, the variation of
BTZM is insignificant. Both BTZM and BTM are nearly constant at all times except several locations between
50 s and 400 s.

Fig. 4-25 Magnetic field intensity monitored by the magnetometer over time on 05/17/2019

Test on 2019-08-27
Fig. 4-26 shows the flight paths taken on 08/27/2019. Overall, six paths were adopted for the localization
of the smart rock. The UAV flew at an altitude of approximately 3 m and 6 m above water along the six
paths denoted by P1, P2, P3, P4, P5, and P6 as shown in Fig. 4-26Fig. 4-14. At each elevation, three paths
(P1-P3 or P4-P6) were spaced uniformly with an interval of 1 m. The horizontal projection distance
between the flight paths and the edge of the bridge is approximately 3 m.
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Fig. 4-26 UAV flight paths on 08/27/2019: (a) elevation view and (b) top view (unit: m)

Fig. 4-27 presents an example set of the UAV position data obtained through the onboard GPS on
08/27/2019, including three position components along X-, Y-, and Z-axes in the global coordinate
system. The useful data begins around 50 s as indicated in Fig. 4-27. The farthest position of the UAV in
the Y-direction is at approximately 28 m away from the origin of the coordinate system. The Y-direction
position data indicate 3 round trips for the first flight path and a total of 10 round trips at 2 trips per path
for the remaining flight paths. The UAV’s position in the X-direction varies periodically as the UAV’s flight
trace deviates from the Y-axis during manual operation. For the position in the Z-direction, the monitored
value fluctuates due to the combined effect of wind, GPS error, and manual operation as previously
mentioned.
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Fig. 4-27 Three components of the UAV’s position monitored by the GPS over time on 08/27/2019

As shown in Fig. 4-28, the corresponding time history of the UAV’ rotation along the X-, Y-, and Z-axes is
presented. The pitch about the X-axis ranges from -0.16° to 0.35° with its maximum value occurring at
both ends of the flight trace where the UAV decelerates and accelerates. The roll about the Y-axis ranges
from -0.10° to 0.14°, which is likely due to the adjustment of UAV’s direction. The yaw about the Z-axis
ranges from -1.30° to 1.12°, which is mainly attributed to the strong side wind and manual operation.

Fig. 4-28 Three-axis rotation of UAV vs. time on 08/27/2019
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The TMF intensity and its three-component time histories monitored on 08/27/2019 by the
magnetometer are presented in Fig. 4-29. The variation of BTZM is insignificant as the flight height
increases. Both BTZM and BTM are nearly constant at all times except several locations between 50 s and
400 s.

Fig. 4-29 Magnetic field intensity monitored by the magnetometer over time on 08/27/2019

Numerical simulation of the ambient magnetic field
It is hard to ensure that the UAV’s flight traces are consistent due to the combined effect of wind speed
and manual operation while taking the TMF and AMF measurements at the bridge site. Furthermore, it is
not practical to take the smart rock out of the strong current during a flood event. Therefore, a
computational model of the bridge was established to determine the AMF at points corresponding to the
TMF measurements for the SR localization and, more importantly, investigate the evolution of the AMF
around the bridge site under the Earth’s magnetic field. The Earth’s magnetic field was determined using
the 3-axis magnetometer at a site about 100-m west of the bridge. The parameters of the AMF at the
bridge site are shown in Table 4-1.
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Table 4-1 Parameters of ambient magnetic field

Date
2018-01-24
2018-05-10
2018-10-08
2019-02-25
2019-05-17
2019-08-27

Earth’s magnetic intensity BE (nT)
52294
52861
52370
52967
51569
51537





65°51’
65°50’
65°55’
65°57’
65°55’
65°53’

0°4’
0°5’
0°9’
0°8’
0°7’
-0°9’

As an example, the parameters of the test on 10/08/2018 were chosen herein to demonstrate the
effectiveness of the simulation method. As shown in Table 4-1, the measured Earth’s magnetic intensity
is BE = 52370 nT, = 65°55’, and  = 0°9’. Considering a uniform magnetic field of the Earth in the local
area, the above parameters were used as the magnetic source field for the I-44W Roubidoux Creek Bridge
site in the following numerical simulations. Based on the design drawing of the bridge provided by the
Missouri Department of Transportation as shown in Fig. 4-30, many details can be obtained such as span
and height of the bridge, position and direction of the piers, etc. Utilizing the design drawing, the
computational model can be successfully established. Fig. 4-31 shows the computational model of the
bridge for three-dimensional electromagnetic analysis using the CST Studio Software.

Fig. 4-30 Design drawings of the I-44W Roubidoux Creek Bridge
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Fig. 4-31 Bridge model for the ambient magnetic field simulation

The model takes into account all the steel bars and girders based on the design drawing as shown Fig.
4-32. Fig. 4-33 is a schematic view of the bridge substructure in the simulation, which is strictly established
according to Fig. 4-32. A total of 1.1×106 numbers of 8-node hexahedral elements were adopted and a
computational relative accuracy criterion of 10-9 was used to terminate the electromagnetic analysis. The
boundary type “Normal” was used. That is, e, h, and j (representing electric field, magnetic intensity, and
current density) are all equal to zero. The relative permittivity of the materials used in this model is listed
in Table 4-2.

Fig. 4-32 Design drawing of steel rebar arrangement of the bridge substructure
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Fig. 4-33 Steel arrangement of bridge substructure in simulation

Table 4-2 Relative permeability of materials used in bridge model

Material
Air
Concrete
Steel rebar
Steel girder

Relative permittivity (r)
1
1
1000
1000

Ten measurement points were randomly selected from the AMF test on 10/08/2018 to validate the choice
of model parameters and the accuracy of the computational model. The computed and measured AMF
denoted as BNA and BMA, respectively, are compared in Table 4-3. Their difference is at maximum 3.72%,
indicating a reasonable choice of the computational model and model parameters.
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Table 4-3 AMF comparison between numerical and measured AMF values at the randomly-selected points.

X
1.50
1.58
2.26
2.74
3.53
3.66
3.70
4.66
4.68
4.70

Coordinate (m)
Y
17.69
30.38
17.41
28.74
23.81
20.04
21.48
17.37
16.13
14.21

Z
4.78
2.89
2.49
2.61
3.04
0.48
2.89
4.03
-1.08
3.98

BNA

BMA

Error (%)

55406.3
56280.8
55723.0
55262.2
54967.9
54912.7
53837.9
52220.1
54243.3
52333.4

54080.9
54369.7
54838.4
54830.4
53661.5
54434.7
54088.4
54160.1
53264.0
53984.8

2.39
3.40
1.59
0.78
2.38
0.87
0.47
3.72
1.81
3.16

The validated computational model was used to simulate two cases with and without taking the influence
of steel bars and girders into account, respectively. The AMF distribution around Piers 7 and 8 in a vertical
plane of Y = -5 to 30 and Z = -4 to 4m is presented in Fig. 4-34 for X=2, 4, 6 and 8. It can be observed that
the AMF without steel is a constant lower than the result with steel. The AMF at points closer to the piers
is higher than that far away from the piers due to the existence of steel bars in the piers. The AMF close
to the steel girder and footing, who contain a much higher steel ratio, are also larger than that at the
middle point of the piers. It can also be seen that the BA at the points with the same Y and Z coordinate
decreases with the increase of the X coordinate, which indicates that the effect of bridge ferromagnetic
substances on the Earth’s magnetic field decreases as the measurement point moves away from the
bridge.
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Fig. 4-34 Ambient magnetic field distribution around Piers 7 and 8 with: (a) X=2, (b) X=4, (c) X=6, and (d)
X=8. (Unit: m)

Movement of smart rock
The smart rock deployed near Pier 7 of the Roubidoux Creek Bridge was located successfully and
satisfactorily. Its coordinates, predicted from the localization algorithm and measured from a total station,
are compared in Table 4-4. The square-root-of-the-squared errors for the conventional crane-based [15]
and the proposed UAV-based smart rock positioning methods are also included. The accuracies of the two
positioning methods (fixed vs. moving measurement platform) are in general agreement, giving a
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maximum error of 0.36 m. With the UAV-based measurement, the SR positioning error appears to
decrease over time to approximately 0.3 m likely due to the improvement in GPS positioning of the UAV.
The difference in the two measurements over time reveals the movement of the smart rock during that
time period, with the vertical movement showing the depth development of a scour hole. Based on the
smart rock movement between the 6th and 7th field tests, the bridge scour depth dramatically increased
by about 0.40 m during the flood event in February 2019. Note that the crane-based measurements were
taken during the previous project funded through the U.S. Department of Transportation Commercial
Remote Sensing and Spatial Information Technologies Program. The measurements required traffic
control or closure during field tests. Furthermore, they take one or two hours to setup the test, operate
the crane, and measure the magnetic field and corresponding coordinate of the concerned points. In
contrast, the UAV-based monitoring system required little time to set up and no traffic control during
scour monitoring.

Monitoring
method
CRANE (1st)
CRANE (2nd)
CRANE (3rd)
UAV (4th)
UAV (5th)
UAV (6th)
UAV (7th)
UAV (8th)
UAV (9th)

Table 4-4 Comparison of predicted and measured coordinates. (Unit: m)
Predicted coordinate
Measured coordinate
Date
X
Y
Z
X
Y
Z
11/06/2015
0.06
23.49
-3.03
0.09
23.24
-3.04
04/14/2016
0.55
24.38
-3.21
0.37
24.60
-3.38
10/20/2016
0.00
22.73
-2.59
0.00
22.63
-2.87
01/24/2018
0.02
23.50
-2.89
0.25
23.77
-2.93
05/10/2018
0.49
25.00
-2.81
0.45
24.78
-3.01
10/08/2018
0.43
25.07
-2.76
0.41
24.84
-2.98
02/25/2019
0.37
25.60
-3.16
0.35
25.50
-3.41
05/17/2019
0.43
24.00
-3.02
0.26
23.80
-3.17
08/27/2019
0.41
23.32
-3.12
0.23
23.53
-3.22

Error
0.26
0.33
0.30
0.36
0.30
0.32
0.28
0.30
0.29

Fig. 4-35 shows SR movement during nine field tests on a three-dimensional contour map of the riverbed
obtained before the 2nd field test using a sonar sensor. This critical data could be used by engineers to
assess the stability of a foundation due to scour hazards.
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Fig. 4-35 Schematic view of the SR movement during nine field tests
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CONCLUSIONS

In this project, an UAV-based smart rock positioning method was proposed for determining the maximum
depth of bridge scour. The performances of the onboard magnetometer and GPS unit for magnetic field
and coordinate measurements were evaluated experimentally. The effects of steel bars and bridge girders
on the magnetic field of a bridge site under the Earth’s magnetic field were investigated numerically using
three-dimensional electromagnetic analysis. The bridge model and model parameters selected for the
electromagnetic analysis were validated from a randomly selected ambient magnetic field measured at
the bridge site. The proposed method was validated at the bridge site and compared with the
conventional ‘crane’-based smart rock positioning method. Based on the extensive tests and analyses, the
following conclusions can be drawn:
1. To eliminate or reduce any notable interference of the UAV for magnetic field measurement, the
magnetometer must be installed over 0.75 m away from the UAV motors. The UAV must fly at a speed
of less than 2 m/s in order to limit its dynamic effect on positioning within 5% error. The mean errors
of the GPS for static measurements are 4% and 8% in horizontal and vertical directions, respectively.
2. For the open field tests, the maximum intensity occurs at the position right above the magnet,
regardless of the number of magnets. The magnetic intensity decreases rapidly as the magnetometer
moves away from the magnet. The magnetic field lines of two magnets are not distorted when the two
magnets are placed more than 2 m apart.
3. The ambient magnetic field at the bridge site under the Earth’s magnetic field is influenced by the
presence and distribution of steel bars and steel girders of the bridge. Vertically, the ambient magnetic
field close to girders and footings are larger than that in the middle part of the piers due to a higher
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steel ratio. Horizontally, the ambient magnetic field decreases as the UAV (or the magnetometer)
moves away from the piers.
4. The smart rock deployed at the Roubidoux Creek Bridge was located successfully and satisfactorily. Its
movement during multiple field tests since January 24, 2018 were determined from the localization
algorithm using the proposed UAV-enabled measurement data with the positioning error reducing
from 0.36 m to approximately 0.3 m. In particular, the smart rock captured the 0.40 m increase in
maximum scour depth after the flood event in February 2019.
5. The rotation of the UAV was collected using the multiple compasses equipped. The pitch about the Xaxis ranges from -0.40° to 0.48° with its maximum value occurring at both ends of the flight trace where
the UAV decelerates and accelerates. The roll about the Y-axis ranges from -0.18° to 0.23°, which is
likely due to the adjustment of the UAV’s direction. The yaw about the Z-axis ranges from -3.6° to 2°,
which is mainly attributed to the strong crosswinds and manual operation. The test results are
acceptable and are not influenced by the rotation of the UAV.
6. The proposed UAV-based monitoring method leads to results comparable to those of the conventional
‘crane’-based monitoring method. However, the former can be implemented in practice without
blocking traffic while rapidly collecting a dense array of magnetic field data that are helpful into
improving the effectiveness and accuracy of smart rock localization and thus scour depth prediction.
It should be noted that the current localization algorithm for two or more SRs should be further
investigated in the future.
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